A mutant of Staphylococcus aureus H was isolated by virtue of its inability to agglutinate with antibodies against teichoic acid of S. aureus. Immunological studies revealed that the mutant, S. aureus T, possessed a new surface antigen in addition to having the antigenic determinant of the wild-type strain, the ribitol teichoic acid. The presence of this additional surface component rendered strain T resistant to staphylococcal typing phages, presumably by masking the phage-receptor sites. The polymer was separated from teichoic acid by chromatography on diethylaminoethyl cellulose and was shown to be composed of two amino sugars, N-acetyl-D-fucosamine and N-acetyl-D-mannosamin uronic acid.
The cell wall of Staphylococcus aureus consists of murein (mucopeptide or bacterial cell wall peptidoglycan) to which a ribitol teichoic acid is covalently attached. The murein layer confers structural rigidity to the cell wall and defines the shape of the bacterium. Little is known regarding the function of the wall teichoic acid although it has been shown that teichoic acid binds magnesium to the wall (16) and that mutants lacking teichoic acid have difficulty in cell separation (5) . It is known that teichoic acid is necessary for the adsorption of bacteriophages to S. aureus (4, 7) .
It has been established that S. aureus ribitol teichoic acid is highly antigenic; its antigenic determinant is N-acetyl glucosamine glycosidically linked to carbon 4 of ribitol (17) . On the other hand, murein is a very weak antigen. Using the antigenic property of teichoic acid, we initially set out to isolate mutants of S. aureus H which have altered serological specificities to gain some insight as to the physiological function of teichoic acid. The rationale of our procedure was as follows: wild-type cells of S. aureus H will agglutinate with antiserum prepared against teichoic acid of the wild-type strain. Mutants which do not show this agglutination reaction must have altered surface components. One such nonagglutinable mutant of S. aureus H was isolated and characterized. However, from immunological studies it became clear that the mutant possessed a new surface antigen in addition to teichoic acid. In this paper, we report the properties of the mutant and the chemical characterization of the new surface polymer.
MATERIALS AND METHODS
Bacteria and their growth media. Staphylococcus aureus H was used as the parental strain. Its phage type (52A, 79, 80) places it in lytic group 1, serologic group B (29) . S. aureus T was a mutant isolated from S. aureus H after mutagenesis with ethyl methane sulfonate (19) . Approximately 5 x 108 log-phase cells of S. aureus H were shaken at 37 C for 2 hr in 10 ml of 0.2 M tris(hydroxymethyl)aminomethane (Tris) buffer (pH 7.5) containing 0.15 ml of ethyl methane sulfonate. A 0.03-mi amount of mutagenized cell suspension was added to each of 50 tubes containing 10 ml of nutrient broth which were then incubated overnight. The overnight culture (0.03 ml) from each tube was inoculated into 2.5 ml of nutrient broth containing antibody and incubated without shaking at 37 C overnight. The liquid medium used for bactefial growth contained, per liter, 5 g of peptone (Difco), 5 (11) . Uronic acid was determined by a modified carbazole method (9) . Phosphate was measured by the method of Chen et al. (6) . Periodate reduction was followed spectrophotometrically at 225 nm (18) . Acetylaldehyde and formaldehyde were measured after periodate oxidation by the methods described by Kabat and Meyer (18) . Preparative N-acetylation of free amino sugars was performed according to Spiro (27) . Complete acetylation of the amino sugar was done as follows: I or 2 mg of N-acetyl amino sugar which had been dried in vacuo over silica gel was dissolved in 0.2 ml of freshly distilled cold pyridine; 0.1 ml of freshly distilled acetic anhydride was mixed with this clear solution ind allowed to stand at 4 C for 24 hr. The solvent was then removed in vacuo, and the 0-acetyl derivative was suspended in a small amount of water followed by extraction into chloroform. The derivative was recovered by removal of the chloroform by evaporation.
Acid hydrolysis was performed in sealed tubes at 100 C for various lengths of time as indicated in the text. Either sulfuric acid or hydrochloric acid was used. Hydrochloric acid was removed by repeated evaporation of hydrolysates to dryness at 45 C in a stream of air. Sulfate ion was removed by passing the hydrolysate through a Dowex-l (Cl) column followed by several bed volumes of distilled water. The resultant hydrochloric acid was removed as described above.
Nitrous acid deamination was performed as described by Crumpton and Davies (8) . The anhydro sugar formed was identified by either the Dische and Shettles reaction (11) or the carbazole method (9) . The ninhydrin oxidative degradation of amino sugars was performed in a capillary tube by the method of Stoffyn and Jeanloz (28) . The conversion of methylpentose into methyltetrose was carried out with periodic acid (Stoffyn, unpublished method).
The reduction of acidic polysaccharide was carried out with the esterified product (10) . In a typical experiment, 50 mg of polymer was shaken with a suspension of ice-cold Dowex 50(H+) resin in water for 10 min to convert the polymer into its free acid form. The lyophilized polymer was then dissolved in 5 ml of water, and 4 ml of liquified ethylene oxide was added. The mixture was kept in a ground-glass stoppered bottle and stirred for 4 days at room temperature in a fume hood. On the second day, 2 ml of fresh ethylene oxide was added. The esterified polymer was recovered from the mixture by dialysis followed by lyophilization. To 35 mg of esterified polymer, 5 ml of water and 1 ml of glycerol were added in the cold. Seventy milligrams of NaBH4 was dissolved in an equal volume of ice-cold waterglycerol mixture. The two solutions were mixed slowly, and reduction was allowed to take place at 4 C. After 40 hr, an additional 35 mg of NaBH4 was added and reduction was continued for another 40 hr at 4 C. After reduction, the solution was allowed to stand at room temperature for 1 hr before 300 Mliters of acetic acid was added. The reduced polymer was recovered from the mixture after dialysis.
RESULTS
Properties of the mutant (S. aureus T). S. aureus T had the same growth properties as its parental strain. It 108, 1971 with Tris buffer, the phage sensitivity was partially restored (Table 2) . A more effective way of unmasking phage receptors was treatment with 5 mM ethylenediaminetetraacetic acid (EDTA). As shown in Table 2 , the phage sensitivity of the washed suspension of S. aureus T could only be demonstrated when a large number of cells was used for the lawn. Presumably with the larger initial cell populations, the close proximity of additional sensitive cells permitted sufficient rounds of phage replication for the formation of small plaques before the cells or their progeny were again resistant.
Immunological properties. Anti-T serum agglutinated both S. aureus T cell walls (titer 1:64) and S. aureus H cell walls (titer 1: 16). The cross-reactivity was not reciprocal since anti-H serum did not agglutinate cell walls of S. aureus T. This observation suggested that besides a common anti-teichoic acid antibody present in both sera, there was an additional antibody in anti-T serum unique for S. aureus T. Immunoelectrophoresis and agar-gel diffusion clearly demonstrated the presence of two kinds of antibody in anti-T serum, one of them being specific for teichoic acid ( Fig. I and 2 Fig. 3 , a small hexosamine-containing, ultraviolet (U V )-absorbing peak was eluted at the beginning of the gradient, followed by two major hexosaminecontaining peaks. This U V-absorbing material was presumably intracellular in origin rather than part of the cell wall and was not investigated further. The two major hexosamine-containing peaks were found to correspond to the two precipitin lines noted in the immunoelectrophoresis and agar-gel diffusion ( Fig. I and 2 ). When samples from each fraction were tested directly by the technique of agar-gel diffusion by using anti-T serum as antibody, the second major hexosamine-containing peak was shown to be teichoic acid, whereas the first major peak was found to give the precipitin line unique for strain T. The new antigen was further purified by repeating the DEAE cellulose column chromatography with a more shallow linear gradient (0 to 0.4 M NaCl in 0.02 M Tris, pH 7.2). The purified antigen, containing hexosamine and free of phosphate, was shown to be acidic at pH 7.2 as evidenced by DEAE cellulose chromatography. Purified antigen was hydrolyzed in 1 N HCl at 100 C for I hr, and the acid hydrolysate was chromatographed on thin-layer cellulose plates. Two Elson-Morgan positive compounds were found; one moved faster than glucosamine (compound X) and the other more slowly than glucosamine in most solvent systems (compound Y). The R(glucosamine) values of compounds X and Y are given in Table 3 . Compound Y, isolated from a paper chromatogram, was found to give a positive carbazole test after treatment with nitrous acid, suggesting that compound Y might be an aminouronic acid. As aminouronic acids have been shown to be acid-labile (21), compound Y was isolated as its corresponding amino sugar by reducing the acidic polymer with sodium borohydride (see above). The reduced polymer was hydrolyzed in 6 N HCI at 100 C for 2 hr, and the hydrolysate of about 20 ,ug of polymer was chromatographed on thin-layer cellulose plates developed with ethylacetate-pyridineacetic acid-water (5:5:1:3). Compound Y was no longer detected, whereas a new ninhydrinpositive, silver nitrate-positive compound appeared. The new compound had a mobility slightly slower than glucosamine (Table 3 ). The fast-moving compound X was found to be unchanged in the hydrolysate of reduced polymer.
Isolation of compound X and reduced compound Y. The isolation of compound X was achieved on a Dowex 50(H+) column by the procedure of Gardell (13) followed by elution of reduced compound Y with an HCI gradient (Fig.  4) . Compound X was well separated from reduced compound Y. It should be noted that reduced compound Y appears quite basic since it was not eluted from the column until the concentration of HCI reached 2 N or higher.
Characterization of compound X. Compound X showed a very distinct brownish color with ninhydrin reagent on paper or thin-layer chromato- grams which could be readily distinguished from the pink to purple color given by glucosamine and most amino acids. The absorption spectrum of the Elson-Morgan reaction product of this compound was similar to that of glucosamine with a maximum at 530 nm. This indicated that compound X had an amino group at C-2 position.
The mobility of compound X on thin-layer and paper chromatography developed in various sol-878 vent systems was invariably faster than that of glucosamine (Table 3) suggesting that the unknown might be a 6-deoxyamino sugar. One 6-deoxyamino sugar, fucosamine (2-amino-2,6,dideoxygalactose), was found to have the same mobility as that of compound X in three solvent systems (Table 3) . There was only a single peak when a mixture of compound X and authentic fucosamine was chromatographed on Dowex-50 in a Technicon amino acid analyzer. Such coincidence in column as well as thin-layer chromatography of compound X and fucosamine strongly suggested that compound X was in fact fucosamine.
This conclusion was supported by the following evidence: (i) absorption spectrum of Dische reaction. Upon nitrous acid deamination and treatment with cysteine-sulfuric acid, compound X produced a chromophore with peak absorption at 396 nm, identical to that produced by fucose. It was also noted that the unknown amino sugar would react directly with the cysteine-sulfuric reagent without prior deamination, with the resulting spectrum identical to that of fucose. Glucosamine reacts with cysteine-sulfuric reagent, producing a chromophore with the peak absorption at 410 nm. One can use the Dische reaction as a specific quantitative assay for 6- deoxyhexosamines in the presence of glucosamine. The difference in absorption between A 396nm and A 427nm is entirely due to deoxyhexosamine. (ii) Ninhydrin oxidative degradation. Compound X was treated with ninhydrin and the product was compared with the methyltetroses derived from fucose and rhamnose. Table 4 shows that the degradative product of compound X had the same mobility in three solvent systems as that derived from authentic fucosamine by ninhydrin degradation. Moreover, it differed in its mobility from the methyltetrose obtained from rhamnose.
(iii) Periodate oxidation. Upon oxidation with periodate for 18 hr, 3.64 ,moles of periodate was As shown in Fig. 5 , in the spectrum of derivative A, m/e of 330 was one of the major peaks and the major ion of largest mass was m/e 559.
As summarized in Table 6 , m/e 330 is a tetraacetylhexosamine that has lost an hydroxyl group, and the derivatives acetylated with deuterated acetic anhydride confirm that m/e 330 contains one acetylatable nitrogen and three acetylatable oxygens. Similarly, the ion of mass 559 is seen to have two acetylatable nitrogens and four acetylatable oxygens.
Mass 559 appeared to be the molecular ion of derivative A. However, this posed a dilemma since the odd mass number indicated the presence of either one or three nitrogen atoms and the spectra of both derivative B and C clearly indicated that the compound had two nitrogen atoms. By high resolution mass spectrometry, mass 559 was found to be a doublet peak, m/e 559.1878 and m/e 559.2082, which indicated that the true molecular ion must be larger. The molecular weight of derivative A was deduced as follows: m/e 559.1878 was formed from derivative A by loss of NH2COCH3 and m/e 559.2082 by removal of an OCOCH3 group from the molecule. The true molecular weight of derivative A would then be 618. The elementary composition, C26H38N2015, corresponds to a fully acetylated disaccharide composed of a hexosamine and a deoxyhexosamine.
Isolation of the disaccharide was the result of its unusually high resistance to acid hydrolysis. The rate of hydrolysis of the disaccharide in 4 N HCI at 100 C is approximately 2% per hour. Presumably, this extreme stability is caused by the presence of two amino groups both immediately adjacent to the glycosidic bond of this 1-3 linked disaccharide. A good yield of the monosaccharide components of the disaccharide was obtained by twice N-acetylating the disaccharide each time followed by hydrolysis in 1 N HCI at 100 C for 2 hr.
The constituent monosaccharides were identified by paper chromatography. As expected from JfAJ34 < the prior identification of compound X, the deoxyhexosamine present in the disaccharide was fucosamine. The hexosamine was identified as mannosamine as follows. The product obtained by degradation of the hexosamine with ninhydrin was shown by chromatography for 40 hr on Whatman no. I paper with n-butanol-ethanolwater (4: 1: 1) to be arabinose (19.1 cm) and not xylose (22.2 cm), lyxose (23.6 cm), or ribose (26.4 cm) . This indicated that the hexosamine was either mannosamine or glucosamine. In the same solvent system, glucosamine migrated 8.7 cm, mannosamine 10.3 cm, and the unknown hexosamine 10.6 cm. In descending chromatography on Whatman no. I paper that had been dipped in 0.1 M BaCl2 and dried before use, the unknown compound co-chromatographed with mannosamine (30.2 cm) and was readily separated from glucosamine (27.5 cm) in 48 hr with n-butanol-pyridine-water (6:4:3). The mannosamine was identified as D-mannosamine by the method of Hase and Matsushima (15) in which D-mannosamine is converted to D-glucose with nitrous acid and identified as D-glucose by oxidation with glucose oxidase.
Evidence for the 1-3 linkage in the disaccharide. The disaccharide gave a pink color in the Elson-Morgan test with maximum absorption at 510 nm in contrast to a maximum at 530 nm for glucosamine. This spectrum, similar to that produced from muramic acid (3-O-a-carboxyethyl-D-glucosamine) provided the first indication that the disaccharide contained a 1, 3 glycosidic linkage. Two additional color tests confirmed this conclusion. The N-acetylated disaccharide gave a positive reaction in the modified MorganElson test orginally designed to specifically detect 3-amino sugars (1) . This reaction depends on the conversion of 3-acetamido hexoses to 2-acetamido-4-O-formyl pentoses by periodate oxidation for 20 min at pH 4.5 and 55 C, a procedure which destroys 2-acetamido and 4-acetamido hexoses. Obviously, a 2-acetamido sugar with a substitution at position 3 Wiley (32) with anti-T serum was also negative. In this case, the term "microcapsule" seems to be appropriate (32) . It also seems probable that, although some of the polymer can be removed by an EDTA wash, a significant amount is covalently bound to the wall since isolated washed walls contain the polymer and have half the normal amount of teichoic acid ( Table  1) .
The polymer contains N-acetyl-D-fucosamine and N-acetyl-D-mannosaminuronic acid which may occur as alternating units. This is tentative because not all of the weight of purified preparations has been accounted for with certainty. Our recoveries were complicated by the extreme acid stability of the deacylated disaccharide composed of mannosamine and fucosamine which was one of the products of mild acid hydrolysis of the reduced polymer. However, the fact that no reducing sugars or ninhydrin-positive materials other than fucosamine, mannosamine, and the disccharide were present in hydrolysates and the fact that neither glycerol nor ribitol are found in polymers that lack phosphate make us reasonably confident that the new polymer is a relatively simple heteropolymer composed of Nacetyl-D-fucosamine and N-acetyl-D-mannosaminuronic acid. The apparent greater recovery of fucosamine than mannosamine from the reduced polymer as illustrated in Fig. 4 leaves open the question of whether the polymer contains more than one fucosamine per mannosaminuronic acid.
The occurrence of fucosamine has not previously been reported in S. aureus although it has been found in other microorganisms. D-Fucosamine was first isolated by Crumpton and Davies from the lipopolysaccharide of Chromobacterium violaceum (8) . This amino sugar was also found in a polysaccharide produced by a strain of Bacillus subtilis (25) . An unidentified Bacillus species and B. cereus have also been shown to contain D-fucosamine (31) . L-Fucosamine has been found in the soluble polysaccharide of type V Pneumococcus and in Citrobacter freundii 05:1 + 30 (2) . D-Mannosaminuronic acid has been identified previously, together with glucose, in a polymer representing about 10% of the wall of Micrococcus lysodeikticus (15, 21 
